The principles of lattice dynamics are briefly reviewed in this paper, and from these principles a simple, generally applicable lattice vibrational spectrum is proposed for minerals. The spectrum can be used to calculate the thermodynamic functions in the harmonic approximation. The model proposed is consistent with lattice dynamics and is sufficiently detailed in its assumptions about the distribution of modes that the thermodynamic functions are closely specified. The primitive unit cell, containing s atoms, is chosen as the fundamental vibrating unit; it has 3s degrees of freedom, three of which are acoustic modes. Anisotropy of these modes is included by use of anisotropic shear velocities for the two shear branches: dispersion is included by use of a sinusoidal dispersion relation between frequency and wave vector for all three acoustic branches. Optic modes, which comprise 3s -3 degrees of freedom, are represented by a uniform continuum, except for 'intramolecular' stretching modes (such as Si-O stretching modes) which can be enumerated and identified as being isolated from the optic continuum. Parameters for the model are obtained from elastic and spectroscopic data; the model is independent of any calorimetric data. It is applied to give the temperature dependence of Cv over the range 0ø-I000øK of halite, periclase, brucite, corundum, spinel, quartz, cristobalite, silica glass, coesite, stishovite, rutlie, albite, and microcline. , and it is suggested that the model provides a better estimate of the low-temperature vibrational heat capacity of stishovite than the measured data. The heat capacities of albite and microcline are reproduced well by the model. The model is only a simple approximation to real lattice vibrational spectra, but it appears to work well for a large number of minerals and is therefore useful in correlating structural, compositional, elastic, spectroscopic, and thermodynamic properties for purposes of extrapolation and prediction of these properties.
x(•) = x(/') + x(r)
where the position within the unit cell is designated as x(r) and the distance of the unit cell from the origin is x(/). In these expressions,j is the cell index (/= l, 2, 3, ß ß ß ), and r is the base index (r = 1, 2, 3, ...) which distinguishes different nuclei in the cell. The Cartesian components of the instantaneous displacement of a particle of mass mr from its equilibrium position are denoted as The potential energy of the structure, in terms of the displacements of the particles, is denoted by •. The equations of motion of a particle of mass rnr are r = -
For small-amplitude vibrations the potential •I, may be expanded as a Taylor series in powers of the atomic displacements to terms of second order, with the result that the derivative on the right side of (1) becomes
• r r t ?
Hence the equations of motion for particle rnr become r = rr' r')
There are an infinite number of these equations of motion 
Fortunately, for calculation of the thermodynamic functions an accurate description of the dispersion relations o•(K)
is not required, but rather, a description of the lattice vibration spectrum g(o•), and it will prove sufficient for our purposes to extract the major conclusions of this section for use in the model. Many methods of calculating or estimating g(o•) have been proposed; the major methods are reviewed in the next section.
Brief Review of Methods of Calculating g(o•)
The previous discussion demonstrates that an accurate calculation of g(o•) requires (1) the knowledge of interatomic forces among large numbers of atoms, (2) the solution of the equations of motion for a large number of wave vectors, and (3) the integration of the dispersion relations over all of wave vector space. Because little is known regarding the nature of interatomic forces, the practice has been to assume simple models for forces (e.g., bond-bending and bond-stretching forces) and to calculate their magnitudes from the experimental values of elastic constants, optical frequencies at K = 0, and, more recently, inelastic neutron scattering data which give dispersion relations in several directions in crystals. From calculated or measured dispersion curves in high-symmetry directions and calculated curves in other directions in the Brillouin zone in which the normal modes have not been observed, g(w) is obtained by numerical integration over the zone volume, a tedious process now eased by the use of highspeed computers. This method was introduced by Blackman a.nd refined by Houston; Blackman [1955] , Leibfried [1955] , Maradudin et al. [1963] , and Cochran [1971] provide detailed reviews of numerical methods of calculation of g(w).
For a few simple substances, force models which take into account as many as sixth-neighbor interactions have been successful in predicting dispersion laws for crystals and thus the low-temperature behavior of Cu. A sodium chloride spectrum calculated by Neuberger and Hatcher [1961] The calculations of these and many other authors have shown that the lattice dynamical theory is essentially correct, being limited mainly by the lack of information on interatomic forces and possibly by considerations of anharmonic effects. The theory is powerful because it correlates thermal, elastic, and dielectric properties with the fundamental interactions among the atoms. In practice, the use of this method involves formidable calculations, and it has been used only for relatively simple crystals.
Another method of interest, but as yet limited application, is the method of moments [Montroll, 1942 [Montroll, , 1943 . In this approximation the frequency distribution is expanded in terms of moments of the spectrum, the moments being obtained from the trace of the characteristic matrix [Born and Huang, 1954, p. 72]. This method has successfully accounted for thermodynamic properties of some cubic substances.
Many authors have attempted to find a simpler representation of g(o•) than that given by the lattice dynamical theory by using combinations of Einstein and Debye terms. One of the earliest approximations was that of Nernst and Lindemann in 1911 [see Blackman, 1955] Newell [1955] reexamined the theoretical basis of the Tarasov models for lameliar crystals and found that the predicted behavior (Cv o: T • at low temperatures) implied special properties of the molecular forces other than those to be expected simply from the lameliar structure. He considered it unlikely that a general simple semiphenomenological law could be found for lameliar crystals comparable to the generality of the Debye law for isotropic materials.
Spectroscopists have frequently represented complex spectra by separating the vibrations of a chosen unit cell or 'molecule' of a substance into a discrete 'intramolecular' spectrum of Einstein oscillators plus an acoustic spectrum of 'translational' motions of the molecule (as discussed in paper 2). The model is illustrated here by referring to the calculations for quartz by Lord and Morrow [1957] . In the spectroscopic method the assignment of Einstein oscillators to the optic vibrations requires a detailed compilation of vibrational frequencies and degeneracies from an assumed lattice model for which the vibrating unit of the crystal is specified [e.g., Raman, 1943 Raman, , 1961 Saksena, 1961] . Lord and Morrow [1957] assume that the fundamental vibrating unit in quartz is the unit cell, consisting of three SiO: groups. Each unit cell contributes 27 degrees of freedom to the total for the crystal. They assign the following wave numbers w = (w/2•rc) and species to the K = 0 vibrations of quartz observed by infrared and Raman spectroscopy: species A, 207, 356, 466, and 1082 cm-•; species B, 365, 520, 780, and 1055 cm-•; and species E, 128,264, 397,452, 695, 800, 1064, and 1160 cm -•. Species E vibrations are doubly degenerate. These frequencies account for 24 degrees of freedom and, correspondingly, 24 Einstein oscillators. According to the rationale discussed in the earlier part of this section the remaining 3 degrees of freedom are assumed to be translational motions of the unit cell. These 3 degrees of freedom obey a Debye frequency distribution law with a Debye temperature of 254øK, appropriate to one ninth of the degrees of freedom. The Debye temperature was determined from experimental heat capacities below 10øK. The frequency spectrum constructed in this way (schematically illustrated in Figure 3d , where it is to be compared with the spectrum proposed in this paper) leads to good agreement between observed and calculated heat capacities for quartz except at very low temperatures, where the specific heat is most senstitive to details of the spectrum.
The spectroscopic model is basically a powerful approach to modeling the vibrational spectra of minerals and, thereby, calculating the thermodynamic functions, for it enumerates the individual weighted frequencies w?(K = 0). It does ignore variations of w•:(K)with K, coupling between oscillators, and anisotropy and dispersion in the acoustic branches. These problems limit its accuracy, especially at low temperatures.
However, the main limitation for minerals is the simple fact that a complete enumeration of vibrational frequencies wt•'(K = 0) and their weighting functions is generally not available for substances of geological and geophysical interest. The model proposed in the following section is less rigorous than lattice dynamical models based on interatomic forces a•nd is less specific than the spectroscopic model, but it is generally useful for minerals with data currently available.
FORMULATION OF SIMPLIFIED MODEL FOR COMPLEX SUBSTANCES
The purpose of this work is to formulate the simplest vibrational spectrum that will predict the thermodynamic functions of minerals to an accuracy useful in geophysics and petrology. In this section a model is proposed for the lattice vibrational spectrum g(w). The model proposed is consistent with lattice dynamics and is sufficiently detailed in its assumptions about the distribution of modes that the functions are closely specified. The model incorporates the four effects postulated in paper 1 as causes of the specific heat variations from a Debye model: anisotropy, dispersion, and low-and high-frequency optic modes. The model is consistent with lattice dynamics in requiring the use of the primitive unit cell, in correctly enumerating acoustic modes, and in recognizing anisotropy and dispersion of acoustic branches. It is more detailed than the spectroscopic model in the description of anisotropy and dispersion in the acoustic branches. It is less rigorous than the spectroscopic model because details about the distribution of optic modes are ignored. The success of the method results from the insensitivity of the thermodynamic functions to details of the spectrum at most frequencies characteristic of the optic modes. able for minerals; a procedure for estimating the directional averages from partial single-crystal data or from polycrystalline data was given in the appendix of paper 1. In the model proposed here the frequency distribution g(w) for the acoustic part of the spectrum is obtained from an assumed form for the dispersion curves for the three acoustic branches. For simplicity, a simple sinusoidal dispersion relation is used. This form is rigorously appropriate to linear lattices and represents empirically the approximate form found for many of the measured curves (see paper 2): 
The maximum frequency of each acoustic branch Wl,max, cOs,max, or COS,max is given by co,,max = otKmax'(2Dr)
where Kmax is given by (8b). The value of a, in (12b) is determined by the density of vibrational states in reciprocal space. As for the Debye theory discussed in paper 1 it is assumed that all normal modes of the crystal are represented by wave vectors within one reciprocal cell because only those vibrational modes are physically dis- where m• and m: are the masses of the heaviest and lightest vibrating units, respectively, at low frequencies. These are specified in Table 6 of paper 2.
Summary of Vibrational Mode Distribution
The proposed vibrational spectra (shown schematically in Figure 1 ) consist of three acoustic branches, an optic continuum, and an Einstein oscillator(s) (optional), which are given by (17), (18), and (19):
The asterisk means that it is implicit henceforth that go is zero outside of the bounds wt < w < w•.
Thermodynamic Functions
The total molar specific heat normalized to the monatomic equivalent, Cv*, then becomes 3NAk ( Expressions for the entropy, the internal energy, and the Helmholtz free energy may be derived from Table 1 Table 4 ); (2) two spectral frequencies wt and w, (or wt and w,) which define the limits of the optic continuum (spectral data are given in Table 5 ); and (3) frequencies and partitioning fractions for any intramolecular modes separated from the optic continuum (Table 5) .
The model is demonstrated in this paper with calculations of the temperature dependence of the heat capacity for several simple substances and framework silicates; chain silicates and orthosilicates will be considered in paper 4 (S. W. Kieffer, unpublished manuscript, 1979). The temperature and pressure dependence of the internal energy, heat capacity, entropy, and Helmholtz free energy will be given in paper 5 (S. W. Kieffer, unpublished manuscript, 1979).
Specific heat data for minerals at atmospheric pressure are usually measured and tabulated in terms of C•,, the specific For comparison with the predictions of the harmonic theory developed here, Cv thus obtained from Cv must be corrected to a fixed volume, e.g., the volume of the crystal at 0øK, because the theory has assumed that the effects of thermal expansion can be neglected, i.e., that volume is not a function of temperature and that the lattice vibrational spectrum is therefore not a function of temperature. In fact, thermal expansion has the effect of shifting the spectrum, to lower frequencies if the material expands as the temperature is raised. Because the atoms in both halite and periclase are rather homogeneously bonded, the wave velocities of these substances are nearly isotropic, although periclase exhibits considerably more anisotropy than halite. The shape of acoustic branches given by the assumed sine wave dispersion law agrees well with the form of measured dispersion curves (see paper 2, Figure 5) Leadbetter [1969] , however, suggest that although it may be theoretically possible to describe the higher-frequency vibrations in glasses by considering structural units similar to the crystalline analogues, it is unlikely that the behavior of the low-frequency branches will be similarly modeled.
The two theories of glass structure which satisfy most existing data (X ray, transmission electron microscope, spectral, and thermodynamic) differ substantially in their description of long-range order in glasses. These theories are referred to as the 'continuous random network' (CRN) theory and the 'paracrystalline' or 'microcrystalline' theory. In both theories the basic structural unit is accepted to be the XY4 tetrahedron (e.g., SiO•-•), and adjacent tetrahedra are linked by common Y atoms into a three-dimensional network. The nature of the bridging bonds between tetrahedra is the subject of the controversy.
The continuous random network theory, first developed by Zacharaisen [1932 Zacharaisen [ , 1935 proposes that vitreous materials are made up of extended three-dimensional networks which lack periodicity at any scale. Modern CRN theories (e.g., Evans and King, 1966; Bell and Dean, 1966] are special cases of the Bernal theory of the structure of liquids, a theory for the random packing of monatomic spheres. CRN theories require that the structure be essentially irregular throughout the crystal. The randomness of structure in a silica glass is attributed to randomness in the Si-O-Si angles and in the rotation of adjacent tetrahedra about the connecting Si-O bonds. CRN theory holds that there is a definite difference between the vitreous state and the crystalline state, not a gradational change in structural properties between the two states.
The original microcrystalline theory for glass structure predates the Zacharaisen CRN theory by several years [Randall et al., 1930] . The original suggestion was that individual unit cells of cristobalite (having dimensions on the order of 7,4) were present in glass. The first systematic X ray investigations of glasses [Warren, 1933 [Warren, , 1934 [Warren, , 1937 Warren and Biscoe, 1938] demonstrated that the presence of such cells was incompatible with X ray data. Hence the original microcrystalline theory was discarded in favor of the then newly published Zacharaisen CRN theory.
The modern microcrystalline view, which will be called the paracrysta!!ine theory here, maintains that in glasses, individual molecules, ions, or atoms are assembled into small or large groups which have a high degree of short-range order compared to the long-range order in the glass [Valenkov and PoraiKoshitz, 1936 ]. The structural groups can be regarded as small distorted crystals, separated from one another by zones of less order. In contrast to the CRN theory the paracrystalline theory maintains that there is not a sharp distinction between the glassy and crystalline states.
For purposes of the thermodynamic calculations I examined the consequences of the paracrystalline model of Robinson [1965] . In this model it is proposed that vitreous materials are made up of a jumble of n-sided polyhedra, each face of which is a polygon with m sides. Glass is thereby considered to be a grained, textured polycrystalline structure composed of tiny cylinders whose packing fraction is very high. Table 4 . The slow and fast shear velocities given for glass, cristobalite, and coesite are estimates (see the appendix of paper 1).
The optic modes of quartz, cristobalite, and glass are remarkably similar at high frequencies. Si-O stretching modes comprise 22% of the total degrees of freedom in each case and occur in an isolated band centered near 1100 cm-•. There is a weak absorption band in the infrared spectrum at 792 cm -• which might correspond to the top of the optic continuum of coesite (Figure la of paper 2) . However, the heat capacity predicted by the model with this band as the top of the optic continuum is a poor fit to measured data, and it will be suggested below that the top of the optic continuum is at 683 cm -•, the next highest observed mode in infrared spectra. In this case the 794-cm-• band might be an impurity band (see the discussion of impurities in coesite in paper 2) or might be one of the stretching modes at anomalously low frequency; results from both cases are given in Figure 3 Both models discussed for glass predict a heat capacity which is far greater than that of quartz or cristobalite at temperatures of a few degrees Kelvin (see Figure 3b) , although both models slightly overestimate the amount of excess. This excess heat capacity is well known and appears to be characteristic of amorphous materials in general [e.g., Anderson, 1959; Fritzsche, 1973 
The specific heat proportional to T • arises from a phonon density of states g(w) proportional to w:; however, the coefficient of proportionality is not that obtained from the elastic constants. The linear term dominates below about 1 øK [Zeller and Pohl, 1971] ; the coefficient A is 10 ergs g-• øK: to within a factor of 2. The linear term can be derived from a density of states spectrum of phonon excitations which is independent of energy (as is the optic continuum of this paper) with a density of the order of 10:1 cm -8 eV -1 between 0 < E < 2 X 10 -8 eV [Fritzsche, 1973, p. 119] . The cause of both excess heat capacity terms has been the subject of much debate in the literature. Flubacher et al. [1959] and Leadbetter [1969] concluded that excess phonon modes at low frequencies were required to explain the low-temperature heat capacity and postulated that these modes arise from two sources: (1) localized modes at w < 20 cm -1 and perhaps as low as 6-9 cm -1 arising from structural defects such as oxygen vacancies and (2) a mode at about 40 cm -1 containing about 1.5% of the total modes. This 40-cm-i mode is also observed in cristobalite, in which it appears to contain 2-3% of the total modes. There is strong evidence that at very low energies (w < 20 cm -1) localized modes associated with structural defects such as oxygen vacancies are important. These modes comprise about 1 in 104 of the degrees of freedom and account for the linear term in (32) [Leadbetter, 1969] . The cause of the excess heat capacity proportional to T a has not been so well established. Smythe et al. [1953] and Anderson [1959] proposed that low-frequency bending of a weak elongated Si-O-Si bond contributed to the excess specific heat. Anderson and Bi•mmel [1955] argued that this mode was the cause of the low-temperature acoustic absorption in vitreous silica. Clark and Strakna [1962] showed that the elon- The heat capacity for rutile is given in Figure 4a ; the agreement with measured data is good, and the two models examined bracket the high-temperature behavior. From Figure 4c In the case of stishovite there are uncertainties in all of the data examined: acoustic velocities, spectral data, and calorimetric data. Therefore each data set should be subjected to reexamination. Nevertheless, the model proposed gives an estimate of the heat capacity which is probably more realistic than the Debye model, gives some insight into the vibrational spectrum, and affords more detailed comparison with the properties of rutile than does the Debye model. The importance of the low-frequency optic vibrations must be reemphasized here. The distribution of these optic vibrations, which arise from cation-oxygen motions, dominates the heat capacity behavior in the range 30ø-100øK. This is precisely the range of temperatures which contributes most heavily to the entropy. Therefore an accurate estimate of the entropy, say, S298 ø, cannot be made from acoustic wave velocities but only from a reasonably complete knowledge of the lowfrequency optic mode distribution.
SUMMARY
A form for a simplified vibrational spectrum generally applicable to minerals has been proposed and applied to a number of simple minerals and framework silicates in this paper. The purpose was to examine systematic relationships between structure, composition, and the thermodynamic functions.
The temperature dependence of the heat capacity was examined here and will be given in paper 4 for chain, sheet, and orthosilicates; pressure and temperature dependences of heat capacity, entropy, enthalpy, and Helmholtz free energy will be given in paper 5 of this series.
The fundamental assumption underlying the theory developed here is that the basic vibrating unit of a crystal is the primitive unit cell. From this assumption, which is rooted in Bloch's theorem of translational periodicity, it follows that acoustic modes comprise 3 out of 3s degrees of freedom, where s is the number of atoms in a unit cell. Because minerals generally have large unit cells with many atoms, the acoustic modes are generally a minor fraction of the total modes. Therefore acoustic data alone reveal little about the thermodynamic properties of complex substances except at temperatures of a few degrees Kelvin.
The model spectra are only approximations to real spectra but are correct in their enumeration of the fraction of the modes which are acoustic and in representation of the actual regions of frequency in which there are vibrational modes. The spectra provide good estimates of the heat capacity because the thermodynamic functions are averages over the whole frequency distribution and are insensitive to details of the spectrum (except at low temperature). An approximating spectrum such as the one proposed, valid for a wide variety of minerals, is a useful tool for correlating thermodynamic properties with elastic properties, optical spectra, and inelastic neutron scattering data. Structure and composition of minerals influence the thermodynamic properties in the following ways.
1. The density of the mineral is generally directly related (a monotonically increasing function) to the acoustic velocities and therefore to the slopes of the acoustic branches. The investigation of the mineral heat capacities in terms of the model has revealed the following general sensitivities of the heat capacities to spectral details:
1. The specific heat below about 50øK cannot be reproduced accurately unless spectral details below 150 cm -• are known to a resolution of about 10 cm-•; hence model accuracy may be limited to +50% because neither acoustic nor optic spectral data are known with sufficient precision in this range of wave numbers.
2. The specific heat above 50øK can be predicted reasonably well if the general range spanned by optic modes is known. The model accuracy is typically +5% at 298øK for minerals for which IR spectra are available.
3. The specific heat at high temperature, above 300øK, is relatively insensitive to details of the high-frequency part of the spectrum. In particular, it is generally adequate to model the Si-O stretching modes, which may cover a range of 300 cm -•, by a single Einstein oscillator at a mean frequency. The model typically has an accuracy of + 1% at 700øK. Applicability of the model to a large number of minerals and accuracy for those to which it is applied is limited by the paucity of data at wave numbers below 200 cm -• and the sensitivity of the thermodynamic properties to the details of the vibrational spectrum at low frequencies. The lower cutoff frequency of the optic continuum has probably rarely been observed in optical spectra for two reasons: (1) there is a general lack of low-frequency optical data on minerals; such data, at K = 0, would provide an estimate of wt; and (2) The model is useful in the form presented here as a method of predicting thermodynamic properties of minerals; the method is independent of any calorimetric data. Because of nonharmonic contributions to the thermodynamic properties not accounted for in the model, the calculations cannot replace calorimetric determinations, but will be primarily useful in (1) providing good estimates of the thermodynamic properties of materials for which there are insufficient samples, for samples which are of poor quality for calorimetric work, or for materials which are unstable, e.g., stishovite, and (2) providing a framework to interrelate thermodynamic, spectroscopic, acoustic, and structural data. 
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